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Abstract 
Supplemental energy dissipation devices are increasingly used to protect structures, limit loads transferred to structural 
elements and absorbing significant response energy without sacrificial structural damage. Lead extrusion dampers are 
supplemental energy dissipation devices, where recent development of smaller volumetric size with high force 
capacities, called high force to volume (HF2V) devices, has seen deployment in a large series of scaled and full-scaled 
experiments, as well as in three new structures in Christchurch, NZ and San Francisco, USA.  
HF2V devices have previously been designed using limited precision models, so there is variation in force prediction 
capability. Further, while the overall resistive force is predicted, the knowledge of the relative contributions of the 
different internal reaction mechanisms to these overall resistive forces is lacking, limiting insight and predictive 
accuracy in device design. There is thus a major need for detailed design models to better understand force generation, 
and to aid precision device design. These outcomes would speed the overall design and implementation process for 
uptake and use, reducing the need for iterative experimental testing.  
Design parameters from 17 experimental HF2V device tests are used to create finite element models using ABAQUS. 
The analysis is run using ABAQUS Explicit, in multiple step times of 1 second with automatic increments, to balance 
higher accuracy and computational time. The output is obtained from the time- history output of the contact pressure 
forces including the normal and friction forces on the lead along the shaft. These values are used to calculate the 
resistive force on the shaft as it moves through the lead, and thus the device force. Results of these highly nonlinear, 
high strain analyses are compared to experimental device force results. 
Model errors compared to experimental results for all 17 devices ranged from 0% to 20% with a mean absolute error of 
6.4%, indicating most errors were small. In particular, the standard error in manufacturing is SE = ±14%. In this case, 
15 of 17 devices (88%) are within ±1SE (±14%) and 2 of 17 devices (12%) are within ±2SE (±28). These results show 
low errors and a distribution of errors compared to experimental results that are within experimental device construction 
variability. 
The overall modelling methodology is objective and repeatable, and thus generalizable. The exact same modelling 
approach is applied to all devices with only the device geometry changing. The results validate the overall approach 
with relatively low error, providing a general modelling methodology for accurate design of HF2V devices. 
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Lead extrusion dampers are supplemental energy dissipation dampers utilizing the hysteretic properties of 
lead (Pb) to reduce structural response during seismic loading [1, 2]. High Force to Volume Devices (HF2V) 
are lead extrusion dampers with smaller volumetric size and higher force capacities [3, 4]. The HF2V lead 
extrusion damper has the following parts: a cylinder; working material (lead) enclosed in the cylinder; a 
bulged shaft passing through the lead and endcaps to secure the lead within the cylinder.  
 Resistive forces are produced in the HF2V devices when the bulged shaft is axially displaced through the 
lead under loading. During axial displacement, lead is deformed plastically and displaced through the 
annular orifice between the shaft bulge and the cylinder wall and moves behind the bulge. Stresses rise 
rapidly in the cylinder due to lead deformation by the bulged shaft and frictional forces at the shaft-lead 
interface. The unique recrystallization property of lead repairs material damage due to the extrusion working 
process at room temperatures by grain growth and recovery [5], resulting in consistent device behaviour 
across multiple response cycles without any strain hardening or loss of strength or stiffness. The repeatability 
and low velocity dependence of HF2V devices make them a suitable choice for achieving improved 
structural damping [3, 6-9]. 
However, research focusing on a design methodology for these devices is limited for manufacturing and 
application [10, 11]. The exact reaction mechanisms generating forces beyond extrusion or bulk/shear 
modulus of lead are not fully known in an HF2V device, limiting insight and predictive accuracy in device 
design.  Design based models that can precisely predict the HF2V force capacity are very limited [11]. Thus, 
there is a need for a more detailed methodology to better estimate the device force capacity in the design 
phase. A general approach without any human tuning or oversight would enable a transferrable design 
approach, removing any subjectivity or bias that can hinder repeatable use and uptake. 
1.1. Finite element modelling 
Computer simulations could be used to predict device forces to optimize HF2V device design and 
performance, which has not been done before. Finite element (FE) analysis is an effective method for 
simulating complex nonlinear mechanics of device operations and computing resulting force capacities [12, 
13]. Finite element modelling allows visualization of stress distributions inside the devices and provide a 
method of computationally determining HF2V device forces and delineating the contributions to these device 
forces. To date, there have been simplified HF2V models created and used in design and analysis using finite 
element [14, 15], but these have been simple and do not provide the level of insight that might be offered 
through FEA. 
ABAQUS is a an efficient FE package for simulating quasi-static, complex contact, non-linear and 
dynamic problems [16, 17]. Using device-specific material properties and the design dimensions of a device, 
realistic simulation of HF2V internal lead deformation mechanics within a device, and thus precise 
estimation of device force capacity in the device design phases can be expected.  
2. Methods 
A 2D axisymmetric model comprising of an analytical rigid shaft, deformable lead and analytical rigid wall  
was created using ABAQUS/CAE [18]. A 2D model is less computationally intensive than 3D models and is 
enabled through the axisymmetric nature of the devices. The modelling parameters of the HF2V FE model 
are as tabulated in Table 1.  
The model consists of a fixed wall, moving shaft, and a deformable volume lead. Reference points (RP) 
are applied on the analytical rigid parts. An Arbitrary Lagrangian–Eulerian (ALE) moving mesh is applied 
on the deformable lead meshed with fine mesh along the shaft and coarse mesh along the walls. ALE method 
is used to simulate large deformation problems, allowing a moving mesh along with the moving part [19-21]. 
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The motion of the mesh is only constrained at the boundaries and allowed to move under high strain within 
these fixed boundaries. The mesh is smoothed constantly to reduce element distortion without changing the 
number of elements and their connectivity [22]. This re-meshing allows the simulation of lead flow within 
the cylinder and around the shaft, providing a visual guide to the evolution of stress distributions with 
changing strain/strain rates in the devices as the shaft moves and the dissipation forces are generated. No 
meshing is required on the analytical rigid parts [18]. 
 
Table 1- Device data used for modelling and analysis 
ABAQUS Module Model Parameter 







Young’s Modulus (E) = 
16 GPa  
Poisson’s Ratio (υ)= 
0.44 



















Step Step type : Dynamic Explicit 
Step time = 1s 
Interaction Friction type: Kinematic friction  
Coefficient of friction = 0.25 
Contact Contact surfaces: Shaft – lead interface and lead – wall interface 
Contact type: Master-slave formulations 
Boundary Conditions Fixed end conditions at lead to endcap interface and lead to cylinder wall 
interface 
Displacement on shaft along Y direction 
Velocity of 0.5mm/s at reference point on shaft (RP-1) 
Meshing Element type: CAX4R/CAX3 
ALE mesh  Frequency = 10 
Remeshing sweep per increment = 1 
Output Type : History Output 
Forces : Contact pressure force and Friction force 
 The boundary conditions where the lead working material meets the device endcaps is considered as a 
fixed boundary. Displacement in Y direction and velocity of 0.5 mm/s is applied on the reference point (RP-
1) on shaft and a zero displacement condition is applied on RP-2 as shown Figure 1. A frictional condition is 
applied between the shaft and the lead using a coefficient of friction of 0.25. The force output from the 
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model is analysed for its accuracy in prediction of experimental device behaviour. The total resistive force 
from the HF2V devices is calculated by summing the normal and friction force produced during extrusion at 
the interaction between the shaft and the lead.   
 
Fig. 1- 2D HF2V model parts, boundary conditions and meshing 
The model approach is applied the same way to all 17 devices of different sizes and forces considered 
in this study, without any changes (other than the device geometry) [11], which are from a range of studies 
[3, 25, 26]. The HF2V device dimensions are as given in Table 2, where Dcyl is cylinder diameter; Dshaft is 
shaft diameter; Dblg is bulge diameter and Lcyl is cylinder length, shown in Fig. 2. Fexp indicates the 
experimental peak force attained from experiments. 
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Model performance is assessed for its ability to realistically replicate the lead flow in the HF2V devices with 
shaft displacement. An ideal model simulates the lead flow around the bulge with the displacement of shaft 
in the HF2V damper. In HF2V dampers, the lead is deformed by the bulge during shaft motion and displaced 
through the annular orifice between the bulge and the cylinder wall, which then flows behind the shaft and 
sticks to the shaft behind the bulge. The flow of lead through the annular restriction generates device force, 
along with friction [11].  
 
The force output from the model is analysed for its accuracy in prediction of peak experimental device force. 
The elastoplastic behaviour of lead yields a hysteresis loop with numerous force values. The precision of the 
model in estimating the device forces is determined by comparing the nominal yield force obtained from the 
model against experimentally measured peak device forces. The peak force of the HF2V devices is the 
maximum force obtained during shaft displacement, shown in Fig. 3. 
 
 











Lflat blg  
(mm) 
1.  89 40 30 110 30 5 
2.  89 50 30 110 30 5 
3.  89 58 30 110 30 5 
4.  66 40 30 130 30 6 
5.  66 50 30 130 30 5 
6.  50 32 20 50 23 5 
7.  50 32 20 70 20 2 
8.  60 42 33 160 30 3 
9.  50 35 24 100 23 5 
10.  70 48 30 75 30 5 
11.  54 35 30 160 20 3 
12.  54 36 30 160 20 3 
13.  54 38 30 160 20 3 
14.  40 27 20 100 17 3 
15.  62 45 30 155 23 5 
16.  40 32 20 47 15 0.5 
17.  89 62.5 36 250 35 3.5 
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In addition, comparison is also made relative to +/-14% standard error seen in testing 96 HF2V devices of 
250kN force capacity, which is thus used as manufacturing variability to assess the results in context [7]. 
4. Results and Discussion 
The simulations replicate the expected actual behaviour of lead in the lead extrusion damper under loading. 
The ALE meshing technique applied to the lead in the FE model enables the realistic simulation of lead flow 
around the bulge in the HF2V devices. The experimental peak forces are compared with the FE model forces 
and corresponding errors as shown in Eq. (1) are calculated and presented in Table 2. The peak experimental 
device force, the model device force, and the contact pressure forces and extrusion forces are included in the 
table. 
 
                                                                                                  (1) 
 






















The results in Table 2 show 14 out of 17 devices predict accurately, with less than 10% error, and there is 1 
device with 12% error and 2 devices with 20% percent error. These results indicate the Finite Element 
modelling approach is promising as a potential tool for predicting forces for HF2V devices with an error 
range of 0%-20% [11]. The accuracy of force prediction match or exceed those in [11] for a simpler model. 
 
The standard errors can be attributed to manufacturing variance and variability in experimental results [7], 
while the model does not have manufacturing or assembly variability. Thus, a perfect 1:1 match cannot be 
expected, but a spread shown in Fig. 4 should be expected due to real device variability. The spread accounts 
for variability in device force due to manufacturing variability by ± 1, 2, 3 SEs, represented by dotted lines. 
As seen in Fig. 2., 15 of 17 (88%) devices lie within ±1 SD of manufacturing variability of ±14 % and 2 
devices (12%) lie under ±2 SE. Thus, all 17 devices are within ±2 SE of possible experimental variation in 
manufacture. These outcomes match, or slightly exceed, reasonable statistical expectations of being within 











1.  160 167 54 106 4 
2.  285 310 130 170 8 
3.  390 400 135 265 3 
4.  200 185 60 125 8 
5.  346 345 145 190 0 
6.  130 125 67 58 4 
7.  150 152 78 74 1 
8.  260 245 68 177 6 
9.  155 155 45 110 0 
10.  250 200 115 85 20 
11.  170 175 27 148 3 
12.  200 220 65 155 10 
13.  260 245 45 140 6 
14.  125 130 59 71 4 
15.  190 213 70 150 12 
16.  107 107 62 45 0 
17.  520 650 265 385 20 
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Fig. 4 - Standard Deviation representation of the devices. R2=0.95 for the linear 1:1 line. 
 
The FE modelling methods can be replicated because the same modelling parameters shown in Table 1 are 
applied for all the devices without any tuning or alterations to the modelling parameters. Only the device 
geometry was changed between simulations. Therefore, the modelling approach can be used to provide a 
good prediction for future device designs.  
5. Conclusion 
A novel Finite Element Modelling technique is created for modelling, analysis and visualization of 
operations of HF2V lead extrusion dampers, allowing ease of estimating device force capacities in the device 
design phase itself. The FE model is generic and can be used for modelling devices of varying force 
capacities with reasonable accuracy within a range of 0-20%. The device parameters can be modified to 
observe corresponding force changes in the HF2V devices and a design can be generated or modified to yield 
optimum force outputs required for a particular application. Therefore, it is a useful design tool to obtain the 
precise force capacity range of the desired device, limiting the need for extensive prototype validation and 
possible device redesign. 
6. References 
1. Robinson, W.H., Greenbank, L. R., An Extrusion Energy Absorber Suitable for the Protection of 
Structures During an Earthquake. Earthquake Engineering & Structural Dynamics, 1976. 4(3): p. 
251-259. 
2. Robinson, W.H. and L.R. Greenbank, Properties of an Extrusion Energy Absorber. Bulletin of the 
New Zealand Society for Earthquake Engineering, 1975. 8(3): p. 187-191. 
3. Rodgers, G.W., Next Generation Structural Technologies: Implementing High Force-to-Volume 
Energy Absorbers, in Mechanical Engineering. 2009, University of Canterbury, Christchurch, New 
Zealand, Ph.D. thesis. 
4. Rodgers, G.W., Denmead, C.S., Leach, N.C., Chase, J.G., Mander, J.B. Experimental development 
and analysis of a high force/volume extrusion damper. in Proceedings New Zealand Society for 
Earthquake Engineering Annual Conference. March 10-12, 2006. Napier, New Zealand. 
5. Hofmann, W., Lead and lead alloys, in Lead and Lead Alloys. 1970, Springer. p. 25-320. 
6. Rodgers, G.W., Chase, J.G., Heaton, D., Cleeve, L., Testing of Lead Extrusion Damping Devices 
Undergoing Representative Earthquake Velocities, in New Zealand Society for Earthquake 
Engineering (NZSEE) Annual Technical Conference. 2013: Wellington, New Zealand. 
.
2g-0203
The 17th World Conference on Earthquake Engineering
© The 17th World Conference on Earthquake Engineering - 2g-0203 -
17th World Conference on Earthquake Engineering, 17WCEE 
Sendai, Japan - September 13th to 18th 2020 
  
8 
7. Rodgers, G.W., Chase, J.G.,Mander, J.B., Repeatability and High-Speed Validation of Supplemental 
Lead-Extrusion Energy Dissipation Devices. Advances in Civil Engineering, 2019. Vol 2019: p. 13. 
8. Rodgers, G.W., Chase, J.G., Mander, J.B., Leach, N.C., Denmead, C.S., Experimental 
Development, Tradeoff Analysis and Design Implementation of High Force-to-Volume Damping 
Technology. Bulletin of the New Zealand Society for Earthquake Engineering 2007, 2007. 40(2): p. 
35-48. 
9. Heaton, T.H., Hall. J. F., Wald. D. J., Halling, M. W., Response of High-Rise and Base-Isolated 
Buildings to Hypothetical Mw 7.0 Blind Thrust Earthquake. Science, 1995. Volume 267(5195): p. 
206 - 211. 
10. Vishnupriya, V., G.W. Rodgers, and J.G. Chase, Precision Design Modelling of HF2V devices, in 
New Zealand Society of Earthquake Engineering Annual Conference (NZSEE 2017) and the 
AntiSeismic Systems International Society (ASSISI) 15th World Conference on Seismic Isolation, 
Energy Dissipation and Active Vibration Control of Structures. 2017: Wellington, NZ. 
11. Vishnupriya, V., et al., Precision Design Modelling of HF2V Devices. Structures, 2018. 14: p. 243-
250. 
12. Lesar, D.E., Calculation of contact pressures and frictional effects on mechanical contact surfaces by 
finite element methods with application to fretting damage prediction. 1982, DAVID W TAYLOR 
NAVAL SHIP RESEARCH AND DEVELOPMENT CENTER BETHESDA MD. 
13. Jin, X. and Y. Altintas, Prediction of micro-milling forces with finite element method. Journal of 
Materials Processing Technology, 2012. 212(3): p. 542-552. 
14. Desombre, J.R., G.W.; MacRae, G.A.; Rabczuk, T.; Dhakal, R.P.; Chase, J.G., Experimentally 
validated FEA models of HF2V damage free steel connections for use in full structural analyses. 
2011. 
15. Bacht, T., Chase, J. G., MacRae, G., Rodgers, G. W., Rabczuk, T., Dhakal, R. P., & Desombre, J., 
HF2V Dissipator Effects on the Performance of a 3 Story Moment Frame. Journal of Constructional 
Steel Research, 2011. 67(12): p. 1843 - 1849. 
16. Kang, J.H., G.H. Kim, and W.S. Choi, Impact-Contact Analysis of Prismatic Graphite Blocks Using 
Abaqus. 2010, Korea Atomic Energy Research Institute. 
17. Chaudhari, S. and M. Chakrabarti, Modeling of concrete for nonlinear analysis using finite element 
code ABAQUS. International Journal of Computer Applications, 2012. 44(7): p. 14-18. 
18. ABAQUS-Users-Manual, Version 6.13-2. Dassault Systémes Simulia Corp., Providence, Rhode 
Island, USA, 2013. 
19. Gadala, M.S., Wang, J, Elasto-plastic finite element simulation of rolling and compression between 
wedge-shaped dies. Journal of Materials Processing Technology, 2000. 97(1-3): p. 132-147. 
20. Zhao, H., Wang, He-nan, Wang, Meng-jun,  Li, Guang-yao, Simulation of extrusion process of 
complicated aluminium profile and die trial. Transactions of Nonferrous Metals Society of China, 
2012. 22(7): p. 1732-1737. 
21. Zhuang, X.-C., Zhao, Zhen, Xiang, Hua, Li, Cong-Xin, Simulation of sheet metal extrusion processes 
with Arbitrary Lagrangian-Eulerian method. Transactions of Nonferrous Metals Society of China, 
2008. 18(5): p. 1172-1176. 
22. Donea, J., S. Giuliani, and J.-P. Halleux, An arbitrary Lagrangian-Eulerian finite element method for 
transient dynamic fluid-structure interactions. Computer methods in applied mechanics and 
engineering, 1982. 33(1-3): p. 689-723. 
23. Loizou, N., Sims, R.B., The yield stress of pure lead in compression. Journal of the Mechanics and 
Physics of Solids, 1953. 1(4): p. 234-243. 
24. Lindholm, U., Some experiments with the split hopkinson pressure bar∗. Journal of the Mechanics 
and Physics of Solids, 1964. 12(5): p. 317-335. 
25. Latham, D.A., A.M. Reay, and S. Pampanin. Kilmore Street Medical Centre: Application of an 
Advanced Flag-Shape Steel Rocking System. in New Zealand Society for Earthquake Engineering–
NZSEE–Conference. 2013. Wellington, New Zealand. 
26. Wrzesniak, D., Rodgers, G.W., Fragiacomo, M, Chase, J.G., Experimental Testing of Damage-
Resistant Rocking Glulam Walls with Lead Extrusion Dampers. Construction and Building Materials. 
102: p. 1145-1153. 
.
2g-0203
The 17th World Conference on Earthquake Engineering
© The 17th World Conference on Earthquake Engineering - 2g-0203 -
